The effect of the grain boundary of ice crystals in a frozen gelatin solution on the dielectric properties was investigated by the combination of a dielectric spectrometer and image analysis. A micro-slicer image processing system (MSIPS) was applied to measure the grain boundary properties as the perimeter density and number density of ice crystals. The perimeter density and number density of the ice crystals increased with increasing freezing rate. The dielectric properties of the frozen gelatin solution at various freezing rates were measured in the frequency range of 100 Hz to 100 kHz at À40 C. The relaxation time did not affect the grain boundary properties. The perimeter density and number density significantly affected dielectric parameter " 0 À " 1 and electrical conductivity 0 . These results indicate that the dielectric spectrometer could be used to estimate the grain boundary properties in a frozen gelatin solution.
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The internal microstructure of food plays an important role in the physico-chemical properties. The micro-slicer image processing system (MSIPS) has been developed to observe the internal structure of biomaterials. Kuensting et al. 1) and Ogawa et al. 2) have observed the internal structure of such biomaterials as rice grains and soybean seeds. They also visualized the distribution of compounds in food materials. Maeda et al. have developed a novel technique to monitor the changes in three-dimensional distribution of yeast in frozen bread dough in accordance with the progress of the mixing process. 3) Tsuta et al. have observed the internal structure and the sugar content in the flesh of a melon based on a nearinfrared and internal imaging system. 4) The microstructure such as ice crystals formed in frozen foods is fundamental information to design the processing method as well as the quality of the final products. [5] [6] [7] [8] Faydi et al. 9) have developed a direct observation method for ice crystals based on optical microscopy with episcopic coaxial lighting. They observed ice crystals in a cold room at À20 C, and structural discrepancies were demonstrated between direct and indirect methods. This result indicated that the conventional freeze-drying method 10, 11) was inferior to direct methods, because of difficulty in maintaining the original structure of the ice crystals. Direct observation techniques for frozen foods have been developed based on cryo-scanning microscopy, 12) X-ray microtomography, 13) and terahertz pulsed imaging. 14) MSIPS enables observation of the internal microstructure of frozen foods. Ueno et al. 15) and Do et al. 16) have applied MSIPS to observe ice crystals in a frozen dilute solution and a frozen beef, based on the cross-sectional images. These direct observation methods are still difficult to apply for industrial use because of the complexity and the high cost.
Electric spectrometry has also been applied to estimate the physico-chemical properties of foods. 17, 18) The dielectric constant, " 0 , reflects the number of electric dipole moments in a system. The dielectric constant decreases with increasing frequency, this phenomenon being so-called dielectric relaxation. 17) Dielectric relaxation gives us useful information on the internal structure of a material. 19) Compared with other methods for measuring the physico-chemical properties of a food, electric spectrometry is very simple and easy to conduct, and has been widely used. 20) The relationship between the electrical and rheological properties of foods have been reported. Physical stress such as freeze-thawing, heat, and high hydrostatic pressure all induced cell damage which resulted in loss of the Cole-Cole arc in vegetables at room temperature. [21] [22] [23] For fresh vegetables, the characteristic arc was clearly observed in a Cole-Cole plot showing the presence of a closed cell structure separated by the plasma membrane. In other words, the boundary between the continuous phase and dispersed closed cells might play an important role in the dielectric properties of a cellular system.
In polymer science studies, Craig et al. have reported that the size of the emulsion affected the dielectric loss y To whom correspondence should be addressed. Fax: +81-22-217-8946; E-mail: shigeakiu@bios.tohoku.ac.jp factor. 24) Regier et al. have reported that the fraction and particle size affected the dielectric properties of an oilin-water emulsion as an example of a fluid dispersed system by dielectric spectroscopy between 0.5 MHz and 6 GHz. 25) For a protein-water system, the dielectric properties of a gelatin film have been measured at 0 to 50 C, showing that the activation energy of the gelatin film was dependent on the state, glassy or rubber.
26) The physico-chemical properties of gelatin as a protein-water system at a subzero temperature have not been sufficiently investigated. For a frozen dilute solution, ice crystals could be regarded as a dispersed closed phase, and the freeze concentrated solution could be regarded as a continuous phase. The grain boundary of the ice crystals in a frozen dilute solution would affect the dielectric properties.
In this present study, the effect of the grain boundary of ice crystals in a frozen gelatin solution on the dielectric properties was investigated by dielectric spectrometry at a subzero temperature.
Materials and Methods
Materials. Gelatin is a fibrous protein produced from collagen, and was used as a model food in this study. Gelatin powder (Wako Pure Chem., Osaka, Japan) was suspended in hot water, and then dissolved at 60 C by applying a magnetic stirrer for one hour. 26) After dissolving and cooling, 0.1 wt% fluorescent indicator RhodamineB (Wako Pure Chem., Osaka, Japan) was added. The resulting solution was used as the gelatin solution.
Differential scanning calorimetry (DSC). Calorimetric measurements were carried out by using a DSC (DSC-50; Shimadzu, Kyoto, Japan) that had been calibrated with benzene (Wako Pure Chem., Osaka, Japan), water, carbon tetrachloride (Wako Pure Chem., Osaka, Japan), n-heptane (Wako Pure Chem., Osaka, Japan) and acetone (Kanto Chem., Tokyo, Japan). All cooling and heating scans conducted in this study were respectively performed at 5 and 1 K min À1 . Gelatin solutions ranging from 0 to 40 wt% were placed in a stainless steel pan, and the pan was hermetically sealed. -Alumina was used as the reference. The scanning temperature was in the range from À60 to 40 C. The freezing point of each sample was determined from the DSC curve.
Freezing test. A sample was frozen by utilizing the sample holder shown in Fig. 1 . This sample holder has three cylindrical vessels of 8 mm in diameter and 30 mm in height, and is surrounded by a heat insulator to enable one-dimensional freezing. Copper columns are located at the bottom of the vessel for this one-dimensional freezing. The temperature distribution of the sample is measured with T-type thermocouple probes of 0.3 mm in diameter, and the changes in temperatures are monitored with a data acquisition system (MV100 Thermo recorder; Yokogawa Electric, Tokyo, Japan). Two stainless steel electrodes are used for dielectric measurement. A cylindrical Teflon tube 300 mm in thickness is inserted into the imaging vessel to prevent any structural change of the frozen sample when it is moved from the freezing test to the imaging analysis. The freezing rates were calculated from the slopes of the freezing curves at 0 to À10 C. 15) A sample solution was poured in the vessel, and frozen at freezing rates of 0.6 to 13.4 C min À1 . Prior to dielectric measurement and image analysis, the freezing rates of the three vessels were measured in the range of 3:3 AE 0:4 C min À1 . The freezing properties of the three vessels were similar, and the internal structures of the frozen samples were regarded as the same.
Image analysis. After freezing, the imaging vessel was applied for MSIPS. 3, 15, 16) The frozen samples were gently moved from the sample holder with the Teflon tube by pushing the copper column at the bottom. Each frozen sample was immediately moved into the setting device of MSIPS, enabling the microstructure of the frozen sample to be maintained during preparation. The sample was continuously pushed up by a servomotor, and the cutting blade sliced the frozen sample together with the Teflon tube at a revolution rate of 60 rpm with a thickness of 5 mm. The cross-sectional image of each exposed surface after slicing was directly captured with a CCD camera (DX930; Sony, Tokyo, Japan) through a fluorescent microscope (BX-FLA; Olympus, Tokyo, Japan). The slicing section was maintained at À40 C during imaging. The obtained cross-sections were analyzed by imaging software (Image-ProPlus 4.5; Media Cybernetics, Washington DC, USA), and the grain boundary properties as the perimeter density and number density were calculated by the following Eps. (1) and (2):
where L i , N and A 0 are respectively the perimeter, number and area of the ice crystals. Calculated L d and N d are the perimeter density and number density, respectively.
Dielectric measurement. The cylindrical vessel for dielectric measurement was set between parallel stainless steel electrodes during the freezing test and dielectric measurement, with purging by dried air. The electrodes were of partial sector form located asymmetrically as shown in Fig. 1 , of 8 mm in internal diameter, 14 mm in external diameter, and 24 mm in height. The electrodes were connected to a dielectric spectrometer (3522LCR; Hioki, Nagano, Japan) equipped with a fixture tool (9262 test fixture; Hioki, Nagano, Japan) by coaxial cable. The dielectric properties of each frozen gelatin solution were measured by the dielectric spectrometer in the frequency range from 100 Hz to 100 kHz at various temperatures. The measured dielectric properties were taken as the average values of the cylindrical sample. Figure 2 shows the DSC thermogram of a 10 wt% gelatin solution and the phase diagram of the gelatin solution. The freezing temperature of the 10 wt% gelatin solution was À0: 6 C, and that of the 40 wt% gelatin solution was À4:9
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C. The exothermal peak in the DSC thermogram of the 10 wt% gelatin solution was observed at À15 C. A similar peak in the DSC thermogram of the 40 wt% gelatin solution was observed at À35
C. These peaks might have been caused by dissolving of the glassy phase in the frozen gelatin solution. The eutectic point was also shown over a concentration of 20 wt%. At subzero temperatures, the frozen dilute solution may form a eutectic system or, more usually, a complex glassy system, whereby the formation of ice crystals causes the remaining liquid to contain an increasing concentration of solute. Ultimately, the remaining liquid attains maximum concentration of the solute Cg 0 and undergoes a glass transition at characteristic temperature Tg 0 . 27) Izutsu et al. have reported that a citric acid solution had a Tg 0 value of À50 C, indicating that the solute remained amorphous in the freeze-concentrated phase surrounding the ice crystals.
28) The concentrated gelatin phase in the frozen gelatin solution at À40 C was in the glassy state. Thus, the grain boundary of ice crystals in the frozen gelatin solution was in the glassy state in our study. The dielectric properties of gelatin in the frequency range from 1 kHz to 10 MHz have indicated that the rotation of gelatin and/or polarization of submolecular groups in the coiled state greatly contributed to dielectric relaxation at 40 C. 29) On the other hand, the formation of cross-linked junctions consisting of a helix structure would have affected the dielectric relaxation at 25 C. The hydrogel is a three-dimensional polymeric network with a large quantity of water absorbed in the polymer material. The concentrated polymer network including the fluorescent indicator was distinguished in red, while the ice crystals were distinguished in black by fluorescent microscope in our study. The grain boundary properties of the frozen gelatin solution, as the number density and perimeter density, were measured at various freezing rates by MSIPS (Fig. 3) . The number density was in the range of 0:32 Â 10 À5 to 1:77 Â 10
À5
grains mm À2 , while the perimeter density was in the range of 0.16 to 0.64 mm À1 . The number density and perimeter density of a frozen gelatin solution significantly increases with increasing freezing rate. Ueno et al. have reported that the equivalent diameter in a frozen agar gel was dependent on the freezing rate. 15) The greater the freezing rate increase, the more the nucleation is promoted, and finally many small ice crystals are formed. Plieva et al. have reported that the pore size, shape and morphology in a macroporous polyacrylamide gel were produced in a rational way. 30) The final freezing temperature, defined as the temperature fixed in a low-temperature thermostat, as well as the solvent used affect the porous structure through their effect on the formation of the unfrozen liquid microphase. Hagiwara et al. have reported that the fractal dimension of the perimeter of an ice crystal in frozen soybean curd tended to decrease as storage time increased.
31) Therefore, the grain boundary properties of a frozen gelatin solution, as the number density and perimeter density, might change during storage.
Typical Cole-Cole plots of the frozen gelatin solution at different freezing rates are shown in Fig. 4 . The ColeCole arc at the freezing rate of 0.6 C min À1 was smaller than that of 2.9 C min À1 . At a frequency of 100 Hz, the values for dielectric constant " 0 at freezing rates of 0.6 C min À1 and 2.9 C min À1 were 10.2 and 11.4, respectively. At a frequency of 100 kHz, the values for dielectric constant " 0 at freezing rates of 0.6 C min À1 and 2.9 C min À1 were 75.8 and 92.1, respectively. These results suggest that the difference in dielectric properties was caused by the internal structure of the frozen gelatin solution. Dielectric loss " 00 had a bellshaped form, and a relaxation peak could be clearly seen in the kHz region (not shown). The maximum in the loss response and the step change in capacitance are characteristic of Deby-type relaxation behavior. The width of the " 00 profile is dependent on the dipole relaxation time distribution of the material. 32) Deby-type relaxation is defined as follows:
where " 0 and " 00 are the dielectric constant and dielectric loss, and the values of " 0 and " 1 are the permittivity at a frequency of zero and infinity, respectively. Dielectric parameters 0 , , ! are the electrical conductivity (Sm À1 ), dielectric relaxation time of a dipole, and angular frequency (2 f ), respectively. Designating the zero frequency and infinite frequency dielectric constants as " 0 and " 1 , the frequency dependence of " in our work can be written as " 100 Hz and " 100 kHz . Lowfrequency relaxation of a linear polyelectrolyte solution is considered to reflect such phenomena as fluctuation of the polymer, and fluctuation of bound counter ions along the polyelectrolytes. 29) The parameters of relaxation time , dielectric parameter " 0 À " 1 , and electrical conductivity 0 were chosen from Eps. (3) and (4) to investigate the effect of the grain boundary of ice crystals on the dielectric properties. The relationship between the grain boundary properties and relaxation time was analyzed. Relaxation time of the frozen gelatin solution ranged from 2:78 Â 10 À5 to 3:77 Â 10 À5 s. Both the number density and perimeter density were not correlated with the relaxation time (Fig. 5) . The solid-state dielectric relaxation time data could be modeled by using the Arrhenius equation, by following Eq. (5): 27) ¼ A expðE act =RTÞ ð 5Þ
where A is a pre-exponential factor, E act is the activation energy for the process, and R is the gas constant. An Arrhenius plot was obtained in order to investigate the temperature dependence of the dielectric relaxation time, as shown in Fig. 6 . The activation energy of the frozen gelatin solution at different freezing rates was in the range of 22 AE 1:5 kJ mol À1 . This result indicates that the grain boundary properties scarcely affected the relaxation time of the frozen gelatin solution. Barker has calculated the activation energy of a frozen polyvinylpyrrolidine (PVP) solution with a concentration of 1 to 10% w/v. 27) The activation energy of the frozen PVP solution was in the range of 12 and 15 kJ mol À1 . Interestingly, the values for the dielectric relaxation of water and ice are in the range of 19 and 55 kJ mol À1 . The increased viscosity of the microenvironment surrounding each dipole would affect the relaxation time. In our study, binding water in the concentrated gelatin network could reflect the activation energy of the frozen gelatin solution.
The effects of the grain boundary properties of ice crystals in the frozen gelatin solution, as the number density and perimeter density, on dielectric parameter " 0 À " 1 are shown in Fig. 7 . The value of dielectric parameter " 0 À " 1 ranged from 60.6 to 93.6. The grain boundary properties increased with increasing dielectric parameter " 0 À " 1 . The number density and perimeter density in the frozen gelatin solution were well correlated with dielectric parameter " 0 À " 1 . The effect of number density and perimeter density on electrical conductivity 0 is shown in Fig. 8 . Electrical conductivity 0 =" 0 0 was from 3:43 Â 10 À7 to 5:47 Â 10 À7 Sm À1 . The electrical conductivity of the frozen gelatin solution slightly increased with increasing morphological properties. Dielectric parameter " 0 À " 1 of the frozen gelatin solution was more sensitive for the grain boundary of the ice crystals than electrical conductivity 0 . Thus, the grain boundary of the ice crystals in the frozen gelatin solution was strongly reflected by dielectric parameter " 0 À " 1 , and the dielectric spectrometer could thus estimate the grain boundary morphology in the frozen gelatin solution.
Electrical conductivity 0 was a function of a highconductivity material, such as the ice crystal boundary and freeze-concentrated gelatin solution phase. On the other hand, dielectric parameter " 0 À " 1 was a function of the dielectric permittivity of ice and gelatin. On a molecular level, a glassy material is considered to be stable because the micro-Brownian motion of the main chain of polymers is immobilized. In a glassy state, dielectric relaxation, -relaxation, which arises from rotation of the side chain of a gelatin molecule and/or the local segmental motion of the backbone chain, has been observed. 33) The reason why dielectric parameter " 0 À " 1 and electrical conductivity 0 reflect the ice crystal boundary was still not clear. Further investigation on the dielectric properties by the finite element method with ice crystal geometry will give us novel information on the non-destructive evaluation of the internal structure. Dielectric measurement of the ice crystal size will lead to estimating the freeze-drying time, to designing the texture of freeze-thawed food, and to other applications.
Conclusion
The effects of the grain boundary properties of ice crystals in the frozen gelatin solution on the dielectric properties were investigated by the combination of dielectric spectrometry and image analysis. The grain boundary of ice crystals in the frozen gelatin solution was in the glassy state. The grain boundary parameters of the ice crystals, as the perimeter density and number density, increased with increasing freezing rate. The perimeter density and number density affected dielectric parameter " 0 À " 1 and electrical conductivity 0 , without correlating with the relaxation time. The grain boundary of ice crystals in the frozen gelatin solution was strongly reflected by dielectric parameter " 0 À " 1 . These results indicate that dielectric spectrometry could be used to estimate the grain boundary morphology in a frozen gelatin solution. 
